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Mechanical Engineering Department, Marquette University 
Milwaukee, Wisconsin 53233 

Introduction 

Presented i n  t h i s  paper i s  t h e  methodology fo r  fundamental thermodynamic 
ana lys i s  of energy conversion systems. Examples a re  taken from representa t ive  
coa l  gas i f i ca t ion  un i t  opera t ions ,  t o  i l l u s t r a t e  the  method i n  the  context of 
synfuel systems. Such ana lyses  accura te ly  pinpoint and eva lua te  the  d iss ipa t ions  
i n  a p l a n t ,  as w e l l  as t h e  e f f i c i ency  of each device. Being a "second l a w "  
ana lys i s ,  it is based on the  concept c a l l e d  a v a i l a b i l i t y , *  i n  con t r a s t  t o  the  
usual " f i r s t  l a w "  ana lys i s  which uses only the  energy concept. 

The r e s u l t s  are n o t  simply o f  academic i n t e r e s t ;  they a r e  of real p r a c t i c a l  
value i n  many ways, as t h e  a r t i c l e  discusses.  Many engineering, adminis t ra t ive ,  
executive and p o l i t i c a l  dec is ions  a re  made under the impressions -- misimpressions 
-- given by energy analyses.  In  a recent  a r t i c l e ,  former Chief Engineer C. A. Berg 
(1) of  t h e  FPC s t r e s s e d  the  necess i ty  t o  apply a v a i l a b i l i t y  analyses i n  l i e u  of 
energy analyses,  i n  o rde r  t o  measure r a t i o n a l l y  the  e f f ec t iveness  wi th  which fue l s  
and resources are put  t o  use: among o the r  things,  he poin ts  ou t  examples of  m i s -  
manaqement r e s u l t i n g  from t h e  above-mentioned misimpressions. 
Administration has  r ecen t ly  supported severa l  s tud ie s  based on the second law (13.14) ; 
one of these s tud ie s ,  by phys ic i s t s  from Princeton and Michigan, was reported 
r ecen t ly ,  i n  Science ( 2 2 ) .  

For some t i m e  prominent thermodynamicists (e.g. 5, 6,  15, 16, 17, 18) have 
proposed the more ex tens ive  use of a v a i l a b i l i t y  analyses.  One reason they have 
n o t  been taken up e n t h u s i a s t i c a l l y  i s  because t h e  concept of a v a i l a b i l i t y  i t s e l f  
has seemed abstract and d i f f i c u l t  t o  understand, as  a r e s u l t  of complex der iva t ions ,  
f r o m  obtuse statements o f  t h e  second law. The causes of t he  complexity a re  h i s t o r i c a l  
-- qui rks  i n  t he  way thermodynamics evolved. 
been made l a t e l y  and thermodynamics, including a v a i l a b i l i t y ,  can now be pre- 
sented i n  a very pa l a t ab le  manner, while makinq i t s  p r a c t i c a l  importance and value 
much c learer .  

The Federal Enerqy 

But very s ign i f i can t  proqress has  

The r e s u l t s  of second law analyses a r e  much more en l igh ten ino  than f i r s t  law 
(energy) analyses,  because the  d i s s ipa t ions  and e f f i c i e n c i e s  measured with ava i l -  
a b i l i t y  a re  the  =ones ,  whereas those measured with e n e r q  a r e  erroneous and 
misleading. What the s c i e n t i s t  c a l l s  "enerqy" is n o t  t he  resource soc ie ty  values. 
What t h e  layman calls "energy" & t h a t  resource,  bu t  the  layman's "enerqy" is  
synonymous with " a v a i l a b i l i t y .  " 

When does t h e  layman asc r ibe  "eneroy" to a mater ia l?  When it has a -po ten t i a l  
to cause change f o r  him. 
. t h i s  po ten t ia l :  our energy cannot be produced or destroyed. Therefore, i f  it were 
t r u l y  a resource it would be nondepletahle. We cannot resolve t h i s  paradox by 
saying t h a t  "it is  conserved, b u t  it denradahle." Because, i f  enerqy loses 

Rut t h a t  which is c a l l e d  enerqy bv the  s c i e n t i s t  is not 

*Other words have been used a s  a l t e r n a t i v e s  t o  "ava i l ab i l i t y" ;  e.q., ava i lah le  
energy, ava i l ab le  work, usefu l  energy, exerqy, esserqy and o thers  -- includinq 
"Potent ia l  energy", which w i l l  be used synonymously i n  t h i s  article. 



, 

3 

I 

57 
potent ia l  t o  cause change f o r  us then energy cannot be a measure of  t h a t  p o t e n t i a l .  
The Only t r u e  reso lu t ion  of the  paradox i s  t o  r e a l i z e  t h a t  it i s  a v a i l a b i l i t y  -- 
potent ia l  energy -- which is  the r a t i o n a l  measure of p o t e n t i a l  t o  cause change 
f o r  E. 

It is p o t e n t i a l  e n e r a  t h a t  is needed t o  make processes F: i n  so doing, it 
is l i t e r a l l y  used up -- not degraded, not  converted, b u t  used up (consumed). 

"Energy converters", such as enaines, take p o t e n t i a l  energy i n  one form and 
convert it, i n  p a r t ,  t o  another form; the p a r t  which is not  converted is used up 
t o  accomplish the  conversion. We could say t h a t  t h e  consumed por t ion  " f u e l s "  t h e  
conversion process. 

of thermodynamics, ( 2 )  a descr ip t ion  of how these are appl ied,  e s p e c i a l l y  f o r  t h e  
a v a i l a b i l i t y  ana lys i s  of synfuel  operat ions,  (3)  t h e  r e s u l t s  of t h e  ana lys i s  of 
some coal g a s i f i c a t i o n  uni t  operat ions,  and (4 )  t h e  summary and conclusions, includ- 
ing a s u r v e y  of r e s u l t s  for  o ther  systems and economic sec tors .  

Thermodynamics -- Its Basic Implicat ions 

The bas ic  concepts of Thermodynamics a r e  t h e  two commodities c a l l e d  Eneray 
and, here ,  Poten t ia l  Energy.* The bas ic  p r i n c i p l e s  a r e  the  F i r s t  Law, dea l ing  w i t h  
energy, and t h e  Second Law, deal ing with p o t e n t i a l  energy. 

To i l l u s t r a t e  the  b a s i c  concepts and p r i n c i p l e s ,  consider Figure 1, showing 
a conduit carrying some commodity. I t  could por t ray  a transmission l i n e  through 
which e l e c t r i c  charge is  flowing with a c u r r e n t  I (e. g., amperes = coulombs per  

second). O r ,  it might be a penstock carrying volumes V o f  high-pressure water a t  
a cur ren t  I" (such as g p m  = gal lons per  minute) ,  perhaps headed f o r  a hydraul ic  

turbine.  The conduit could be a p ipe l ine  car ry ing  anmunts n of a chemical such 
as H2 a t  a cur ren t  I 

carrying a thermal current  I,. 

examples, pas t  any "s ta t ion"  along a transmission l i n e ,  such a s  p a s t  t h e  cross- 
sec t ion  depicted i n  Figure 1, the  r a t e  PE a t  which energy E flows p a s t  is  propor- 

t i o n a l  t o  the r a t e  I a t  which the commodity flows p a s t .  I f  t h e  conunodity is 
charge, then we can w r i t e  t h a t  the energy cur ren t  -- the  '.'power" -- is P .=  $1 

where 9 is the  value of the electric p o t e n t i a l  a t  the  "s ta t ion ."  P = 01 can be 

ca l led  the  r a t e  of e l e c t r i c  flow of energy, assoc ia ted  with the  e l e c t r i c  cur ren t  I . 
When a v i r t u a l l y  incompressible f l u i d  c a r r i e s  enerqy so le ly  by v i r t u e  of  

being pressurized,  there is  a hydraul ic  flow of  energy a t  t h e  r a t e  PE = pIv, where 

p is  the pressure and Iv is the volumetric flow r a t e .  

c a r r i e s  energy not  only because of i ts  pressure  but  a l s o  becuase of its composition, 
the flow of energy can be c a l l e d  a chemical flow: e .g . ,  i f  H2 i s  flowing with a 

cur ren t  I moles per  second, PE = !.I I where !.I is  the chemical p o t e n t i a l .  

the commodity cur ren t  and t h e  assoc ia ted  energy cur ren t  (energy p o w e r  flow) turns  

The following a r t i c l e  is  broken down i n t o  (1) a summary o f  t h e  fundamentals 

(such as  gram-moles/second). O r  it could be a h e a t  conductor 

The conduit could he carrying any cormnodity. 
H2 

Whatever the  commodity might be, energy is c a r r i e d  concurrent ly  with it. For 

E q  

E q  

? 

When a mater ia l  flows and 

H2 H2 H2 H 2  
Notice t h a t ,  i n  each o f  the  above examples, the  propor t iona l i ty  f a c t o r  between 

c 
'I 

*The commodity t h a t  we c a l l  p o t e n t i a l  e n e r q ,  here ,  has  crone by a v a r i e t y  of names, 
such as a v a i l a b i l i t y .  The t r a d i t i o n a l  " p o t e n t i a l  energy" -- t h a t  of a mass i n  a 
a r a v i t a t i o n a l  f i e l d ,  a t  an a l t i t u d e  above some reference datum ("wound") -- i s  
one form of p o t e n t i a l  enerqy. 



o u t  to  be the " p o t e n t i a l "  which d r i v e s  the commodity cur ren t  through the  conduit. 
S ta ted  more p r e c i s e l y ,  a d i f fe rence  i n  the p o t e n t i a l ,  from one end of the  conduit 
t o  another ,  causes the c u r r e n t  t o  flow throuqh the  conduit. 

Whatever t h e  commodity i s  t h a t  is flowing -- and severa l  may b e  flowing 
simultaneously -- t h e r e  i s  a flow of energy assoc ia ted  with the  flow of each 
commodity, and hence f o r  each commodity t h e r e  i s  a propor t iona l i ty  c o e f f i c i e n t  
( l i k e  p o r  0 or  FI 

t h e  commodity cur ren t  I. 

) r e l a t i n g  the associated energy c u r r e n t  ( i .e. ,  power) PE t o  
H2 

The dr ivinq force  which causes the thermal c u r r e n t  is  temperature difference;  
and, PE = TI,. T r a d i t i o n a l l y ,  i n  science and engineer ina,  it is  PE which has  

been c a l l e d  the r a t e  o f  h e a t  flow. I t  would have been b e t t e r  to use the  word 
"heat" f o r  the c o m d i t y  with cur ren t  I,, b u t  t h i s  commodity was not  recoqnized 

u n t i l  later; it i s  entropy. 

Commodity Balances, and the F i r s t  Law 

In ana lys i s  of energy converters  balances a r e  appl ied  -- i m p l i c i t l y ,  i f  not  
e x p l i c i t l y  -- t o  t h e  d i f f e r e n t  converters  f o r  each of  the re levant  commodities; 
f o r  examples, mass balances,  energy balances, chemical compound balances, entropy 
balances,  and so on. The amount o f  any qiven commodity i n  some container  can i n  
general  be changed by e i t h e r  (1) t ranspor t ing  t h e  commodity i n t o  o r  ou t  of the  
container ,  o r  ( 2 )  product ion or consumption ins ide .  Thus, on a r a t e  b a s i s  {The 
rate of change i n  t h e  amount of t h e  commodity contained) = [ m e  sum of a l l  o f  the  
i n l e t  r a t e s )  - (The sum of a l l  of the o u t l e t  r a t e s )  + {The r a t e  of production 
i n s i d e )  - {The rate of consumption inside}. For the  s p e c i a l  case of  s teady opera- 
t i o n ,  the  amount of any content  is  constant ,  so t h a t  the rate of change of the  
content  i s  zero. Then, the t o t a l s  of the r a t e s  of i n f l u x  and the  productions equals 
the  t o t a l s  of the e f f l u e n t  r a t e s  p l u s  consumptions. 

Some commodities, l i k e  charge, cannot be produced o r  consumed; they a r e  s a i d  
t o  be conserved. The essence of t h e  F i r s t  Law is, of  course, t h a t  enerqy is  con- 
served; there  is another  aspect :  the t r a n s p o r t  of any commodity has  an associated 
energy t ranspor t ,  as i l l u s t r a t e d  by the  foreqoing discussions o f  cur ren ts  i n  
condui ts .  

The P o t e n t i a l  t o  Cause Change f o r  us: a commodity 

The answer 
is: whenever it is not  i n  complete, stable equi l ibr ium with environment. Then, 
i t . c a n  be used to  accomplish any kind of chanqe w e  want, t o  some degree. Thus, 
charge has  t h i s  capac i ty  whenever it i s  a t  a p o t e n t i a l  d i f f e r e n t  f r o m  "ground"; 
water has  t h i s  capac i ty  whenever it is a t  a pressure  d i f f e r e n t  from "ground." 

Water i n  a tower has  capaci ty  t o  cause change f o r  us; w e  could use it t o  
cause any kind of change f o r  us, t o  some deqree. For example, w e  could use it t o  
take charge -- o f  some l i m i t e d  amount -- o u t  of the "ground" and p u t  it on a 
given capaci tor .  
p o t e n t i a l  above "ground." Thus, it now has some of t h e  capaci ty  t o  cause change 
f o r  us  given up by  the  water .  
i n  the  capaci tor  to  pump water back i n t o  t h e  tower. But c e r t a i n l y  no more water 
than was used t o  charge the capaci tor .  
t h a t  water back up? Clear ly  t h a t  depends on (1) how e f f i c i e n t l y  w e  did the task  
of t r a n s f e r r i n g  t h e  water ' s  o r i a i n a l  capaci ty  t o  the  charqe -- on what f r a c t i o n  
of t h e  o r i g i n a l  capac i ty  was u l t imate ly  t r a n s f e r r e d  t o  t h e  charae and on what 
f r a c t i o n  was consumed to accomplish t h a t  t r a n s f e r ,  and i n  turn ,  ( 2 )  how e f f i c i e n t l y  
w e  t r a n s f e r  the charge ' s  capaci ty  back t o  t h e  water. P r a c t i c a l l y ,  whatever the  
des i red  transformation i s ,  some capaci ty  t o  cause change must b e  consumed by the  
equipment which accomplishes the  transformation; capaci ty  t o  cause change ("fuel")  

When does a commodity have t h e  capaci ty  t o  cause changes f o r  E? 

Once t h e  capac i tor  has been charsed, the  charue is  now a t  a 

I f  we l iked ,  w e  could use t h e  capaci ty  now res id ing  

How c lose  could w e  come t o  g e t t i n g  a l l  



I 
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must be used 'up t o  make the  transformation proceed. 

boundless c a p i t a l  ( f o r  equipment and t i m e )  t h a t  we could i n v e s t  f o r  use i n  
charging the capaci tor  by lowering the  water, and then f o r  p q i n g  it back by 
discharging the  capaci tor ,  w e  could come as c lose a s  we would l i k e  t o  r e t u r n i n g  
the o r i g i n a l  amount of water to the tower, b u t  never more. That i s  the t h e o r e t i c a l  
l i m i t .  

Capi ta l  i s  needed t o  improve the  e f f ic iency  of our transformations. Given 

Figure 2 depicts  equipment f o r  accomplishing t h e  t r a n s f e r  of "capacity t o  
cause change" from the charged capaci tor  t o  the water. As the  charae flows from 
the  capaci tor  through t h e  motor i t s  p o t e n t i a l  drops t o  the  "qround" value -- the  
equi l ibr ium value, i n  our environment. The decrease i n  p o t e n t i a l  is qiven up t o  
torque i n  the dr ive  s h a f t  which i n  turn t ransmi ts  it via  the  pump t o  t h e  water, 
taken from the  reservoi r .  
pressure,  from "ground" pressure  (atmospheric) t o  t h a t  p ressure  correspondins t o  
the  water tower head. 

A t  an i n s t a n t  when c u r r e n t  is flowing from the capac i tor  a t  p o t e n t i a l  4 ,  and 
through the motor a t  a r a t e  I then the t h e o r e t i c a l  l i m i t  on the water flow r a t e  

I i s  given by I,] maximum = [I) - $ 11 /[p - pol  where $, i s  ground p o t e n t i a l ,  

po i s  "ground" ( i . e . ,  atmospheric) pressure a t  the pump i n l e t  and p is the  pressure  

a t  the pump o u t l e t .  

o f  hydraul ic  enerqy increase of the water [p - polIv cannot exceed the rate of 

electric enerqy decrease of t h e  charge r.4 - $OIIv. 

smaller  can the  maximum Iv be. 

p o t e n t i a l  increased grea t ly  o r  a l a r u e  amount i s  having i t s  p o t e n t i a l  increased 
s l i q h t l y ,  the maximum "capaci ty  t o  cause change", cp - poIIv,  t h a t  the water w i l l  

be  acquir ing would be the  same. The maximum [p - poIII, would equal the "capacity 

t o  cause change" being given up by the charge, [ @  - $O]Iq, which is the "poten t ia l  

energy" decrease of t h e  charge -- the  enerqy decrease assoc ia ted  with br inqinq it 
t o  complete equi l ibr ium with our environment ( t o  "ground"). Under these i d e a l  

equals the  p o t e n t i a l  energy ( a v a i l a b i l i t y )  flowinq i n  B 

never reached i n  prac t ice .  Associated with r e a l  motors and pumps, t h e r e  w i l l  
always be d iss ipa t ions  of p o t e n t i a l  enerqy -- conswption thereof  -- used up to  
make the  motor and pump "go." These d i s s i p a t i o n s  manifest themselves i n  "heat  
production"; i f  steady opera t ing  condi t ions a r e  t o  be maintained -- which w e  w i l l  
assume, here ,  s ince  it w i l l  he lp  i l l u s t r a t e  c e r t a i n  important po in ts  -- the "heat" 
(entropy) which is  produced must he t r a n s f e r r e d  away, eventual ly  flowing i n t o  our 
atmosphere a t  "ground" temperature, To. !Che thermal cur ren t  i n t o  the  atmosphere, 

Ie,  w i l l  need t o  equal t h e  r a t e  of  "heat" (entropy) production i n  t h i s  steadv case,  

and the associated energy t r a n s f e r  w i l l  be ToIe. 

The pump increases  t h e  p o t e n t i a l  of the water, i t s  

q p  

V o q  

The re la t ionship  f o r  IV follows from t h e  f a c t  t h a t  the  r a t e  

The a r e a t e r  [p - p o l ,  t h e  

Whether a small  a m u n t  of water  i s  having i t s  

condi t ions,  the  p o t e n t i a l  energy ( o r  a v a i l a b i l i t y )  flowing o u t  P P,out = [ p - P O I I v  
= c $  - $OIIq. 

A, i n  
Such i d e a l  operat ion is t h e  t h e o r e t i c a l  l i m i t  which can be approached b u t  

The e n e r w  balance f o r  the  com- 

p o s i t e ,  saying enerqy e f f l u x  equals  energy i n f l u x ,  now y i e l d s  $I  + POIV = "Is + 

 PI^ + T J ~ .  That is, the p o t e n t i a l  energy 

output  w i l l  be  less than the i n p u t  by t h e  amount consumed t o  "dr ive" t h e  t ransfor -  
mation: 

Hence, Cp - p 0 1 ~ ,  = C $  - 4 11 - ToIe .  

I 

'A,out = 'A,in - 'c 
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where i = T I 

energy consumption. 

Effect iveness  -- The True Eff ic iency 

I n  the t h e o r e t i c a l  l i m i t ,  p o t e n t i a l  energy suppl ied with any commodity can 
be completely t r a n s f e r r e d  t o  any o ther  c o m d i t y .  I n  the case of  r e a l  t ransform-  
t i o n s ,  the degree t o  which this per fec t ion  is  approached i s  measured by the so- 
c a l l e d  e f fec t iveness  (4 ,  16 ,  17) : 

represents  t h e  r a t e  of a v a i l a b i l i t y  consumption -- r a t e  of  p o t e n t i a l  0 8  

E ~ 

p o t e n t i a l  energy i n  product 
p o t e n t i a l  energy suppl ied 

For t h e  composite of  motor and pump j u s t  considered, the t r u e  measure of how well  
the  "capacity to  cause change" w a s  converted from t h e  e l e c t r i c a l  t o  hydraul ic  form 
i s  given by 

?'he denominator exceeds the numerator by t h e  amount of p o t e n t i a l  energy consumed, 

AconSumed: 
l i m i t  of E is 100 p e r  c e n t ,  which corresponds t o  the  ideal case with no &issipa-  
t ions .  To approach t h a t  l i m i t ,  i n  p r a c t i c e ,  r e q u i r e s  qrea te r  and greater c a p i t a l  
investmant of money and/or time. The t radeoff ,  then, i s  t h e  c l a s s i c a l  one: opera- 
t i n g  costs ( f o r  f u e l )  versus  c a p i t a l  ( f o r  equipment an& t ime) .  An important po in t  
here  i s  t h a t  opt imizat ion of t h i s  t radeoff  can be g r e a t l y  f a c i l i t a t e d  by the 
appl ica t ion  o f  Second Law analyses ,  applying p o t e n t i a l  enerqy analyses  to  processes, 
devices and systems ( 5 ,  6,  7 ,  10, 11, 17, 18,.19!. 

energy and " fue l"  energy are  genera l ly  fau l ty ,  t o  a degree which depends upon the  
kind of device or system t o  which they are  a.uplied. Basical ly ,  t h e i r  worth .is 
proport ional  t o  how w e l l  they approximate the e f fec t iveness ,  E. 

Thermal and Chemical P o t e n t i a l  Energy 

Recall the  relationshi.3 ic = T I 

+ Acl .  For q conversion, the  t h e o r e t i c a l  upper 
E = CP A, out"CPA, o u t  

Conventional e f f i c i e n c i e s  and u n i t  product cos ts  defined i n  terms of "product" 

f o r  the  s p e c i a l  circumstances i l l u s t r a t e d  o e  
i n  Figure 2 .  

equation 

t h a t  t h e  r a t e  of "heat" (entropy) production is proport ional  t o  t h e  r a t e  of poten- 
t i a l  energy consumption. I t  must be emphasized t h a t  ToIe does n o t  represent  

p o t e n t i a l  energy "escaping t o  the  environment" i n  Fiqure 2 ,  but  p o t e n t i a l  energy 
consumed within the composite of motor, pump, etc.; it does represent  e n e r q  
flowing i n t o  t h e  environment, but  it has n o  capaci ty  to cause change s i n c e  it is  
a t  "ground" temperature To -- a t  equi l ibr ium with our environment. 

I n  a c t u a l i t y ,  the  temperature of the system components r i s e s  as  a resul t  of 
the diss ipa t ions  ins ide .  Therefore the thermal cur ren t  leaving from the  surface 
0 would not be a t  T 

0 
a r a t e  [Tu - TOII , .  

-- a small f rac t ion  of  the enerqy escapinq thermally. 

Since I, equals  the  r a t e  of entropy production, ip, the  spec ia l  

= TOIe i l l u s t r a t e s  t h e  general- r e l a t i o n s h i p  Ac = To", which says - c  

b u t  a t  a higher  temperature Tu, car ry ing  p o t e n t i a l  energy a t  

Thus, a small amount of p o t e n t i a l  energy does escape thermally 

a "heat  cycle" (thermal motor) 
generator. I n  the t h e o r e t i c a l  
generator ,  the e l e c t r i c  ou tput  

Whenever we have a thermal c u r r e n t  I, a t  a temperature Tu # To, we could use 

whose work output  could be used say t o  dr ive a 
l i m i t  with no d iss ipa t ions  ins ide  the  cycle  o r  
would be PA,elec = [$ - $ 31 = [Tu - TolIe .  Since 

o q  
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the  energy input  t o  the cycle  i s  P 

P 

r e s u l t ,  usual ly  derived i n  a complex manner from obtuse "Second Law" s ta tements .  

on the  composite of Figure 2 f o r  t h i s  case with T 

Togp -- a general re la t ionship .  

e, PE = TI flows a t  a r a t e  I 

a r a t e  Ij, PE = p j I j  and PA = cuj - p j o l I j ,  where p 

of j i n  the  reference environment. When t h e r e  is bulk flow of a material, carrying 
entropy too,  PE = u.1 

CT - TolsjIj = [h. - TOsj - p .  11 

The Second Law 

= T I w e  can rewrite the  lat ter a s  
E,thermal U 8 

= c1 - (T /T )]PE,thermal: or W = [1 - (Tout/Tin)lp, which is t h e  c l a s s i c  

With algebraic  combination of an energy balance and a p o t e n t i a l  energy balance 

A,elec 0 0  

> To w e  would again f i n d  A = 

7 

When charge flows a t  a rate Iq, PE = $I and PA = [$ - $ 11 when entropy 

When a chemical j d i f f u s e s  a t  
9 0 q' 

and PA = CT - T o k e .  e 
" is t h e  chemical p o t e n t i a l  

j0 

+ TIe = c p j  + Ts.11 = h . 1 .  and PA = [p - )I 11 + 
i j  3 i 7 3  i j0 j 

3 30 j' 

I Potent ia l  energy does represent  t h e  capaci ty  t o  cause change f o r  us. I t  i s  
a commodity. I t  i s  d i s t i n c t  from energy; it i s  not  the  same commodity. Energy 
cannot serve as  a measure of capaci ty  t o  cause chanqe f o r  us; only p o t e n t i a l  
energy ( a v a i l a b i l i t y )  can. Some might be inc l ined  t o  claim the contrary,  arguing 
t h a t  the  d i s t i n c t i o n  is  a r t i f i c i a l ,  s i n c e  the difference between an energy flow 
l i k e  $I with charge (or  pIv f o r  "incompressible f lu ids")  and t h e  corresponding 

p o t e n t i a l  energy flow [$  - 4 11 
by measuring the p o t e n t i a l  r e l a t i v e  t o  ground. Thus, i f  $o I 0 then $ = [$  - $,I. 

A s  a matter of f a c t ,  f o r  commodities such as charge (and volume of  "incompressible 
f l u i d s " ) ,  which a r e  conserved, the  "ground" p o t e n t i a l  can be a r h i t r a r i l y  set t o  
zero,  with no disrupt ions.  But f o r  o ther ,  non-conserved commodities "qround" 
p o t e n t i a l  cannot be s e t  t o  zero: f o r  example, "ground" temperature To cannot be 
a r b i t r a r i l y  defined t o  be zero. 

change f o r  us"; energy flows assoc ia ted  with non-conserved commodities are not  
representa t ive  of such capaci ty .  And, energy associated with such commodities 
cannot, even i n  the  i d e a l  l i m i t ,  be completely t r a n s f e r r e d  t o  o t h e r  commodities. 

q 
i s  a t r i v i a l  difference which can be el iminated 

o q  

In summary, then,  energy does not  i n  general  represent  the "caDacity t o  cause 

Poten t ia l  energy, which anything has when it is  not  i n  complete equi l ibr ium 
with our environment, does represent  the capaci ty  t o  cause chanqe f o r  us. I t  can 
be t ransfer red  from one th ing  t o  any o ther  (but  completely only i n  the ideal l i m i t ) .  
I n  a c t u a l i t y ,  to  accomplish changes f o r  us some p o t e n t i a l  energy is  invar iab ly  
used up, because it i s  needed t o  make the  changes occur. This paragraph presents  
the  essence of the  Second Law. 

Energy i s  not  the commodity w e  value; p o t e n t i a l  energy ( a v a i l a b i l i t y )  is. 

The Methodology of  A v a i l a b i l i t y  Analyses 

the  p o t e n t i a l  energy consumed within the  system and t h a t  lost i n  e f f l u e n t s  so t h a t ,  
for a spec i f ied  amount of product, t h e  amount of p o t e n t i a l  energy -- "fuel"  -- 
t h a t  needs t o  be suppl ied i s  thereby decreased. 
system is a measure of t h e  prospects  f o r  improvement of f u e l  economy. The lower 
t h e  e f fec t iveness ,  t h e  g r e a t e r  the  prospects .  

o f  the  r a t e s  a t  which a v a i l a b i l i t y  ( p o t e n t i a l  energy) i s  t ransfer red  i n  and o u t  
with d i f f e r e n t  commodities. These ca lcu la t ions  involve exac t ly  the  same type of 

To improve the  operat ing " fue l"  economy o f  an "energy" s y s t e m  means t o  lessen  

The o v e r a l l  e f fec t iveness  of the 

To ascer ta in  t h e  consumption losses  and ef fec t iveness  requi res  the .eva lua t ion  

1 



procedures as t h e  eva lua t ion  of energy flows. 

N o t  only i s  an o v e r a l l  ana lys i s  of an "energy" system valuable, bu t  so is  a 
de ta i l ed  ana lys i s  which p inpoin ts  where and t o  what ex ten t  t he  a v a i l a b i l i t y  con- 
sumptions occur, wi th in  the  system. The procedures fo r  making a m r e  de t a i l ed  
ana lys i s  are i d e n t i c a l  t o  those f o r  the  ove ra l l  ana lys i s .  I t  is simlv a matter 
of applying balances t o  subsystems o f  the  ove ra l l  system. In  turn ,  components can 
be broken down and analyzed f u r t h e r ,  process by process.  

Application t o  Coal Gas i f ica t ion  Systems 

I n  this paper the  methodoloqy o f  a v a i l a b i l i t y  ana lys i s  w i l l  be i l l u s t r a t e d  
by appl ica t ion  t o  t h e  Koppers-Totsek gas i f i ca t ion  system, i l l u s t r a t e d  i n  Fiqure 
3 and i n  Table 1; the t a b u l a r  da ta  a r e  taken d i r e c t l y ,  ca lcu la ted  o r  estimated 
from Farnsworth e t  a1 (8, 9 ) .  

balance says  t h a t  the rate a t  which a v a i l a b i l i t y  en te r s  equals t h a t  a t  which it 
leaves p lus  the  rate of consumption 

Consider t he  combination of c o a l  prepara t ion  and q a s i f i e r  un i t s .  An a v a i l a b i l i t y  

62 ' 1  

A + A  + A  + A  + A  + A 8 + A 2 5 + A 2 6 = A 1 0 + A  + A  + A C  
1 2 3 6 7  4 9  

The only usefu l  product i s  AlO, t he re fo re  the  e f fec t iveness  of t h i s  system is 

A 1 O  
E =  

A1 + A3 + Ab + A7 + A25 + A26 

where the  combustion a i r ,  f r e e  from the environment, has zero  a v a i l a b i l i t y  (A2 = 0) 

and the water, f r e e  except f o r  pu r i f i ca t ion ,  has very l i t t l e  ( A  % O j .  The d i f fe rence  

between the  numerator and denominator cons i s t s  o f  AC, t h e  a v a i l a b i l i t y  consumed 

t o  d r ive  the  processes,  p lus  A4 + A9 which a re  w a s t e  l o s ses  t o  the  environment. 

1. The a v a i l a b i l i t y  t r ans fe r r ed  p e r  mle flowing is  

8 

The gas leav inq  a t  10  i s  an i d e a l  qas mixture with composition shown i n  Tahle 

The evaluation of these  q u a n t i t i e s ,  by standard thermosta t ic  property ca lcu la t ions ,  
a r e  shown i n  the  Appendix, along with a handy t abu la t ion  o f  formulas f o r  evaluating 
the  terms f o r  each cons t i t uen t .  The r e s u l t s ,  f o r  t h e  flow streams r e fe r r ed  t o  
above, give 

k k J  k J  
= mlOa10 = 1.8247 kg 2oal 12387 - = 22602 - kg kg coa l  

A3 = 1582 kJ kg c o a l  

k J  A7 = 39.25 -. 
kg coa l '  

k J  A = 123.8 - 
6 kg coa l  

kJ  kca l  4.184 - = 1 - = 1.8  kq kq lb 

The e l e c t r i c a l  t r anspor t  rates are given d i r e c t l y  by t h e  estimated values of 

k J  A25 = 15.2 - kg c o a l  k J  A26 = 73.6 - kg coa l  

The a v a i l a b i l i t y  o f  t h e  coa l  described i n  Table 1 tu rns  out  t o  be 

1 1  

' I  

' I  

B t u  a = 11710 - 
coal l b  coa l  i l  



6 3  
Subs t i tu t ion  of a l l  these  quan t i t i e s  i n t o  the  expression y i e l d s  

€]system 1 29052 - o’78 
22602 =- -  

The combination of consumption and lo s ses  is equal t o  the  sum of 
minus the  output of product: 

= A + A4 + A8 = 29054 - 22602 = 6453 Ac + AlosseJ sys t em 1 c 

the inpu t s  

kJ  
kg coal  

This cons i s t s  pr imar i ly  of a v a i l a b i l i t y  consumption, f o r  dr iv ing  the  processes.  
The l o s s  with f lue  gases and ho t  s l a g  a re  

kJ  A9lhOt I 580 - 
kg coa l  

kJ  
A4 = 104.2 - 

kg coa l  

This leaves,  f o r  t h e  t o t a l  consumption by processes wi th in  the  system, 

kJ 
Ac = 5769 ___ kg coal 

If t h e  hot  s l a g  is merely quenched, e s s e n t i a l l y  t o  atmospheric temperature, and 
no use i s  made o f  Ag ,  then the  580 kJ/(kg coa l )  is consumed by t h e  quenching process.  

un i t ,  steam-generation u n i t ,  and clean-up un i t .  It was found t h a t  
A similar ana lys i s  has  been made on the  comhination of oxvqen-production 

kJ 
= 2452 - Aclsystem 2 kg coa l  

with lo s ses  of 

k J  
A14 = 69.9 - kq coa l  

k J  
A16 = 899.6 - kg coa l  

and outputs o f  

Btu - 7522 ~ l b  coa l  kJ - 4179 - - A17 = 17485 - - 

k J  

kca l  
kg coa l  kq coa l  

kJ 
A18 = 715 - kg coa l  

k J  
A6 = 123.8 ___ kq coa l  

A = 1582 - 3 kg coal  

k J  
kq coa l  A7 = 39.25 - 

Thus, t he  e f fec t iveness  with which system 2 would opera te ,  with t h e  supposed da ta  
employed here ,  is - .  

Aout E Aout 19945 = - =  
‘system 2  EA^^ EAOut + EAloss + Ac - 19945 + 970 + 2452 = 

The power p l a n t  i l l u s t r a t e d  i n  Figure 3 i s  taken  t o  be a conventional power 
p l a n t ,  with the  exception t h a t  it u t i l i z e s  the  export  steam, stream 18 from hea t  
recovery. (Of course, t h a t  steam could he used f o r  a va r i e ty  of a l t e r n a t e  purposes, 
i n s t ead . )  A s  shown by Gagqioli e t  a 1  (1975), the e f fec t iveness  wi th  which the  
power p l an t  uses A17 i s  E % 0.4, w h i l e  it uses AIB with E 

t o t a l  e l e c t r i c i t y  production by t he  power p l a n t  is 

0.8. Therefore, the 

kJ  Aelec = 0.4 A17 + 0.8  A18 = 7566 - kg coa l  

The n e t  e l e c t r i c i t y  production by the  whole system, A27, i s  t h i s  7566 kJ/(ka coa l )  
less t h a t  used in-p lan t :  

k J  
A27 = 7566 - 132 - 3 - 9 - 15 - 74 = 7333 - kg coal  



The o v e r a l l  system ef fec t iveness  is 

= A /A = 0.27 'overall 27  1 

compared t o  E 'v 0.39 for  a p o w e r  p l a n t  burning r e l a t i v e l y  low-sulfur coa l  (Gaggioli 
e t  a l ,  1975).  

The e f fec t iveness  of t h e  o v e r a l l  g a s i f i c a t i o n  system per se is h e s t  gauged by 

64 

/E = 0.68 
'gasif icat ion = E o v e r a l l  power p l a n t  

The foregoing a n a l y s i s  of t h e  conversion of coa l  t o  e l e c t r i c i t y  only breaks 
t h e  o v e r a l l  system down i n t o  three  major p a r t s .  By the same methods, each of these 
p a r t s  can be broken down f u r t h e r  to  determine t h e  consumptions ( a n d  l o s s e s )  
associated (i) with each o f  its components, and i n  turn  (ii) w i t h  each process i n  
a component. Figure 4 presents  such resul ts .  The r e s u l t s  f o r  the  power p lan t  are 
discussed and presented i n  more d e t a i l  by Gagqioli e t  a 1  (1975); i n  t h e  appendix 
t o  t h a t  paper, t h e  d e t a i l s  o f  the  a v a i l a b i l i t y  ca lcu la t ions  a r e  presented f o r  a 
v a r i e t y  of  devices and processes .  

Conclusions 

What kinds of conclusions can be drawn from the r e s u l t s  presented here? Some 
conclusions can be drawn dea l ing  with K-T g a s i f i c a t i o n  p e r  se, and some i n  
conjunction with t h e  power p lan t .  For examples, where i n  the g a s i f i c a t i o n  system 
a r e  there  s i g n i f i c a n t  prospects  f o r  improvement, i f  anywhere? H o w  might improvements 
be accomplished? A l s o ,  comparisons between the  K-T and other  g a s i f i c a t i o n  systems 
can be made more o b j e c t i v e l y ,  a s  w e l l  a s  t h e  comparison o f  the  r e l a t i v e  d e s i r a b i l i t y  
of high-Btu g a s i f i c a t i o n  versus  l o w -  o r  medium-Btu. 

Consider f i r s t  the K-T g a s i f i c a t i o n  system, i t s e l f .  I t  i s  evident  from t h e  
r e s u l t s  summarized i n  Figure 4 t h a t  the  l a r g e s t  d i ss ipa t ions  a r e  i n  the  g a s i f i e r ,  
due espec ia l ly  t o  t h e  uncontrol led k i n e t i c s  of reac t ion .  
i ts burning of c lean  product gas, i s  highly consumptive. There a re  f a i r l y  s izeable  
consumptions i n  the  hea t  t r a n s f e r  from hot  products ,  a t  a high c1 - (TO/T)I  t o  
jacke t  steam with a r e l a t i v e l y  low E 1  - (T /T)], and losses  i n  t h e  s l a g  from t h e  

g a s i f i e r  and i n  the  s u l f u r  from cleanup, a s  w e l l  as severa l  o t h e r  consumutions of 
the  same order  of  magnitude. 

Of course, no cos t  e f f e c t i v e  oppor tuni t ies  t o  reduce any consumption or loss 
should be overlooked. However, t h e  f i r s t  p lace  t o  look, for s t r i v i n g  to  improve 
t h e  system, i s  i n  t h e  p l a c e s  where the r e l a t i v e l y  la rqe  consumptions (and losses)  
occur. That is probably where t h e  b e t t e r  oppor tuni t ies  are .  For  the  case a t  hand, 
can the  chemical reac t ions  be accomplished with less d iss ipa t ion?*  
avoided i n  some cases  such as i n  drying? In t h e  
end, of  course, t h e  a d d i t i o n  of o ther  or  l a r a e r  equipment for  accomplishing such 
improvements must be cos t  e f f e c t i v e .  
improvements l i k e  these;  the d iss ipa t ions  might be inherent  t o  t h e  b a s i c  processes 
of the  K-T system. 
then the  analysis  may be sayinq t o  look toward a l t e r n a t i v e  types of sys t ems ,  f o r  
g a s i f i c a t i o n  and/or f o r  c lean  production o f  power from coal .  
analyses  of  the a l t e r n a t i v e s  would be very worthwhile.) 

The drving process, with 

0 

Can they be 
Can h e a t  t r a n s f e r  be improved? 

I t  miqht be t h a t  there  i s  no hope f o r  

I f  so--although t h e  authors  would n o t  jump to  t h a t  conclusion-- 

(And a v a i l a b i l i t y  

. Some addi t iona l  remarks regarding the g a s i f i e r  may be he lpfu l  t o  t h e  comprehen- 

*I f  methods could be found f o r  economically reducinq the d iss ipa t ions  assoc ia ted  
with 
combustion--the l a r q e s t  s i n g l e  a i s s i p a t i o n  i n  t h e  o v e r a l l  power system. 

react ions on t h e  g a s i f i e r ,  t h e  same methods might be appl icable  to  the b o i l e r  

I 

' I  

I 
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s ion  of the po ten t i a l  energy ( a v a i l a b i l i t y )  concept and i ts  usefulness.  
following, what may appear t o  be c r i t i c i sms  of Farnsworth e t  a1 (8,  9 )  a r e  n o t  
intended t o  be t h a t  a t  a l l .  The references t o  t h a t  a r t i c l e  a r e  inc iden ta l ;  numerous 
o the r s  could be used a l t e rna t ive ly ,  though not a s  conveniently. The i n t e n t  is 
no t  c r i t i c i sm,  bu t  t he  b e t t e r  apprec ia t ion  of t h e  importance of a v a i l a b i l i t y  
analyses.  1 Farnsworth e t  a1  claim that the  o v e r a l l  "thermal e f f ic iency"  o f  system 
1, bas i ca l ly  the  g a s i f i e r ,  i s  85 t o  90 per  cent--that i s ,  the  "useable hea t  ou tpu t  
i n  gas and steam divided by the  t o t a l  hea t . i npu t  t o  t h e  gas i f i e r "  i s  85 t o  90 p e r  
cent.  To c i t e  such efficiencies--energy r a t io s - - i s  misleading. The " u s e f u l  
energy" o f  t he  steam, i t s  po ten t i a l  energy, is much less than i t s  energy, hence 
energy e f f i c i enc ie s  a r e  generally misleadinq. The proper measure of how wel l  t h e  
g a s i f i e r  performs its function is the  78 p e r  cent  e f fec t iveness .  Farnsworth e t  
a 1  could argue t h a t  they cover this po in t  when they say, "The cold gas e f f i c i ency ,  
t h a t  i s ,  the  r a t i o  of t he  c a l o r i f i c  value of t h e  oas to  t h e  c a l o r i f i c  value o f  
t h e  coa l ,  is i n  the  range of 75 t o  77 per  cent." I n  a sense, t h a t  statement does 
cover the poin t .  However, (i) it is fo r tu i tous ,  inasmuch as t h e  a v a i l a b i l i t y  and 
energy of t he  coa l  a r e  c lose  i n  value,  a t  To, po, and so a r e  those o f  t he  product 
gas. As mentioned e a r l i e r ,  only in  such ins tances  i s  an "energy e f f i c i ency"  a 
worthy approximation o f  the  t r u e  e f f ic iency;  e f fec t iveness .  (For example, t h e  t r u e  
e f f i c i ency  of a comfort hea t ing  furnace i s  less than 15 pe r  cent ,  even i f  i ts  
"anergy ef f ic iency"  w e r e  80 pe r  cent.)  Secondly, (ii) even though today t h e  
predominant use of gas and coa l  i s  t o  produce hea t  v i a  combustion, i t  is misleading 
t o  imply t h a t  t he  value of these  commodities l i e  i n  t h e i r  " c a l o r i f i c  value". The 
value i s  in  the  a v a i l a b i l i t y  (po ten t i a l  energy).  For example i f  a t  some t i m e  i n  
the fu tu re  gas were to  be  used, predominantly, f o r  the d i r e c t  production of 
e l e c t r i c i t y ,  say w i t h  c e l l s ,  then it would be evident  t h a t  the  value of t h e  gas 
is not i t s  c a l o r i f i c  value bu t  i t s  availabil i ty--which represents  t h e  maximum 
amount o f  usefu l  e l e c t r i c i t y  which could be qot ten  from t h e  gas, under i d e a l  condi- 
t ions .  I f ,  i n  tu rn ,  t h a t  e l e c t r i c i t y  were used t o  d r ive  a hea t  pump, t h e  amount 
o f  hea t  de l iverable  is d ic t a t ed  by t h e  a v a i l a b i l i t y  of the  o r i q i n a l  gas. 
whatever t r a n s i t i o n s  might occur between t h e  gas and t h e  hea t  u l t imate ly  de l ivered ,  
t h e  a v a i l a b i l i t y  of t h e  hea t  cannot exceed t h e  a v a i l a b i l i t y  of the gas, from 
which it is der ived;  the maximum amount of h e a t  that could be obtained is 
Q = A / C 1  - (TO/T) 1, where T i s  t h e  temperature a t  which t h e  hea t  is  de l ivered .  

I f  T = 90°F = 550°R, a typ ica l  value f o r  home hea t ino ,  and i f  outdoor temperature 
T 

today ' s  technology, E = 0.35, would y i e l d  Q = 1.93 A = (1.93) ( c a l o r i f i c  va lue ) .  

I n  f a c t ,  even with today ' s  t yp ica l  p o w e r  p l a n t  with E = 0.35, g = 1.35 A ' The 

poin t ,  here,  is  no t  to  argue i n  favor of hea t  pumps; they have many shortcomings 
not  mentioned he re ,  e spec ia l ly  as To drops. 

energy, n o t  energy o r  " c a l o r i f i c  value" which measures a commodity's usefu lness  
f o r  e f f e c t i n g  changes. 

Ava i l ab i l i t y  analyses l i k e  those presented  here  can he  appl ied  gross ly ,  t o  
o v e r a l l  s ec to r s  of t h e  economy such as t h e  i n d u s t r i a l ,  t he  r e s i d e n t i a l  and commerical, 
and the  t ranspor ta t ion  sec to r s  t o  assess  oppor tuni t ies  fo r  improvement. These 
s e c t o r s  can be analyzed i n  more d e t a i l  by applying the  analyses to sub-sectors,  
such as i r o n  and s t e e l ,  petroleum re f in ing ,  aluminum and o the r  i n d u s t r i a l  sub-sectors. 
I n  tu rn ,  each sub-sector can be analyzed i n  more d e t a i l  by considerinq t h e i r  d i f f e ren t  
conversion systems, and so on. 

A l l  of  t h i s  should be done, to  determine where t h e  po ten t i a l  f o r  improvement 
lies. This work has begun (Reistad,  1974; Gyftopoulos e t  al, 1975; Hal l ,  1975); 
see T a b l e  111 f o r  a summary o f  t yp ica l  r e s u l t s .  
The 10 to  15 per cent e f fec t iveness  with which energv i s  u t i l i z e d  i n  this country,  
though improved g rea t ly  over t h e  2 or so p e r  cent  o f  a century ago, i s  very low; 
b a s i c a l l y ,  t h i s  i s  encouraginq inasmuch as it shows t h a t  t he re  i s  g r e a t  opportunity 

[In the 

That is, 

= 4OoF = 500°R, then a c e l l  with E = 0.5 i n  conjuction with a h e a t  pump o f  0 

gas 

gas' 

The po in t  i s  t h a t  it is p o t e n t i a l  

The followinq po in t s  a r e  noteworthy: 

? 

\ 



f o r  improvement remaining. Conservation ( i n  conversion, n o t  i n  end-use) can 
cont r ibu te  e f f e c t i v e l y  t o  t h e  reso lu t ion  of the  energy problem--even over the  
r e l a t i v e l y  s h o r t  term, with today 's  technology--provided of  c o w s e  t h a t  c a p i t a l  
i s  brought t o  bear .  

Another important po in t  which can be concluded from Fiqure 4 and Table I11 
is  t h a t  the product ion of e l e c t r i c i t y  is one of our most e f f i c i e n t  enerqy conver- 
s ions.  The g r e a t  l o s s e s  commonly ascr ibed . to  t h e  s tack gases and cooling water 
are  hardly l o s s e s  a t  a l l ;  t h e  ac tua l  losses  a r e  elsewhere i n  t h e  p lan t ,  and as  a 
f rac t ion  of i n p u t  a r e  small  compared t o  most conversion systems. Furnaces and a l l -  
f o s s i l  t o t a l  energy systems, considered t o  be very e f f i c i e n t ,  a r e  very i n e f f i c i e n t  
o r  f a i r l y  e f f i c i e n t ,  respec t ive ly .  For example, these comments have considerable  
negative impact on t h e  d e s i r a b i l i t y  of  high-Btu coa l  g a s i f i c a t i o n  and of the  
"Hydroqen Economy" f o r  the  purpose of  d i s t r i b u t i n g  these  synthe t ic  fue ls  about 
for  combustion i n  furnaces  and b o i l e r s .  
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The foregoing methods f o r  analyzing "energy" systems a r e  aimed a t  pinpoint in% 
the losses and measuring t h e i r  magnitudes and r e s u l t a n t  p e r  cent  i n e f f i c i e n c i e s ,  
i n  order  to  determine where oppor tuni t ies  f o r  improvement and conservation l i e ,  
f o r  t h e  purposes of decision-makinq f o r  a l l o c a t i o n  of  resources-- c a p i t a l ,  R6D 
e f f o r t ,  and so on. The methods, which involve exac t ly  the same kinds of  ca lcu la t ions  
as energy analyses ,  a l s o  enhance the germination of prospect ive ideas  and the quick 
evaluat ion thereof .  

Avai lab i l i ty  analyses  a r e  valuable  n o t  only f o r  pinpoint inq losses  b u t  a l s o  
f o r  d i r e c t  appl ica t ion  t o  t h e  design of energy systems and for  o t h e r  engineerin? 
p r o j e c t s  (system modif icat ions,  maintenance, e t c . ) ,  a s  w e l l  a s  f o r  cost a l loca t ion .  
The key t o  these  a p p l i c a t i o n s ,  i n  t h e i r  infancy.(5,  6, 7, 10, 11, 18, 19, 23) i s  
t h a t  monetary value can be assigned t o  the  a v a i l a b i l i t y  a t  the d i f f e r e n t  junctures  
between components of a system, where a v a i l a b i l i t y  flows from one component i n t o  
another ,  for  which it i s  the  "fuel" .  Because it is a v a i l a b i l i t y ,  not energy, 
which "fuels"  each device i n  a system, the only r a t i o n a l  way of  ass igning m n e t a r y  
value (cost)  t o  the "fue l"  f o r  each device or process  i s  t o  ass iqn the  value to  
a v a i l a b i l i t y .  Then f o r  each component a r a t i o n a l  comparison of f u e l  c o s t  with 
o ther  operat ing and c a p i t a l  c o s t s  can be made, f o r  making the economically optimal 
se lec t ion .  

APPENDIX 

Details of  Thermostatic Property Calculat ions 
and 

Tabulation of Convenient Formulas 

Consider the a v a i l a b i l i t y  t ranspor ted  p e r  mole of a flowing gaseous mixture: 

a = h - T s - 1x.p 
0 3 j0 

where p ,  is t h e  chemical p o t e n t i a l  o f  spec ies  j i n  the reference environment. 

I f  t h e  mixture behaves i d e a l l y ,  
IO 

+ l x . [ h . ( T  , x . p  ) - T s . ( T  ,X.p ) - u j o l  
3 3 0  3 0  0 3  0 3 0  

where h .  and sj are t h e  p a r t i a l  m o l a r  enthalpy and entropy of spec ies  j. Then 
3 



, 
5 

'\ 
i t 

\ 

TO T 
amix(T,p) = 1 x . C ~  . - - c .ldT - RTo In  E 

Po 3 PI T PI 
TO 

+ lx . [h . (To)  - TOSj(To,XjpO) - !Jjol 
3 3  

And w e  may wr i te  

1 amix(T,p) = l x j a j  '= lxjCaj, thermal + a j  ,pressure -+ a j  ,chemical 

where 

67 

a .  h . (To)  - T s . ( T o r  x .p  ) - !J 
3,c 7 0 1  I 0 j o  

If spec ies  j ac tua l ly  e x i s t s  as a pure condensed phase i n  t he  s t a b l e  re ference  
environment, then p .  

environment, u .  
simply equals g . (To ,  po) .  I f  j e x i s t s  a s  a gas i n  the  reference 

70 7 
= h , (To)  - T s . ( T o ,  xjopo),  and 

70 7 0 1  

a .  = -T C S . ( T ~ ,  x . p  ) - s . ( T ~ ,  xjop0)l  = RT I n ( x . / x .  ) 
It-= 0 3 7 0  -J 0 7 IO 

a .  must be determined by r eac t ing  j with environmental cons t i tuents  t o  produce 

o the r  environmental cons t i t uen t s  - i n  o the r  words, by br inging  j t o  stable equilibrium 
with the  environment v i a  reac t ions  with environmental cons t i tuents .  It is the  
chemical po ten t i a l s  o f  these  products,  weighted s to ich iometr ica l ly ,  which (rives 
!.Ijo. Consider CO, f o r  example. 

with O2 from the  atmosphere to produce stable C02.  

I f  spec ies  j does not  ex is t  i n  t he  stable equilibrium reference  environment, 

3.C 

It is  not  s t a h l e  i n  the atmosphere, bu t  can r e a c t  

Then 

= gco(To, X ~ I ? ~ )  + $ v0 (To, x 02,0po) - !JC02(To'XCOZ,oPO) 

1 
aCO,c = 9co(TotX&O) + 5 ~ 0 2 ( ~ o ~ X o z , g P o )  - qc0 2(To'xcoz,opo) 

The evaluation of the  q u a n t i t i e s  on the  right-hand s ide  may be accomplished a s  
follows, employing Gibbs free energy of formation and dql, = v dp. 

qc0 (To r XcOpo) = gco (To ,Po ) + Cg,, (To, xcOp0) - gco (To, PO ) I 

COP0 Since CO behaves as  an i d e a l  gas a t  To, between p = x 

is moderate 

equation gives 

p and po, as  lonq as x c o n  
Ag = ] dg = ] vdp = 1 cRT/pldp = R T l n ( ~ ~ $ ~ / p ~ ) .  Thus, t he  foregoing 

gm(TonXC$O)= q C O ( T O , ~ o )  + RT l n ( x d O / p o )  

Similar analyses f o r  the  O2 and (30 y i e l d  2 

gC02(TOt~C02PO) = 9 

go2(TO~X02,,PO) = go (TO,p0) + RT In(xo  , o ~ o / ~ o )  

(To,po) + RT ln(xCO , o ~ o / p o )  
c02 2 

2 2 
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I 

With these  th ree  expressions,  t he  las t  equation f o r  a f o r  t he  case where 

T 
CO,C' 1 

= To and p = po = po,  can be rewr i t ten  as 0 

The f i r s t  combination o f  terms, which can b e  evaluated with standard tabular  values , 
of Gibbs f r ee  energy o f  formation, can be c a l l e d  the  r eac t ive  a v a i l a b i l i t y  of the  
0, while the  second, logar i thmic  term can be  c a l l e d  compositional a v a i l a b i l i t y .  

Consider another case of a spec ie s  j, t h i s  t i m e  f o r  a case where one o r  more 
o f  t he  completely s t a b l e  products o f  reac t ion  e x i s t s  a s  a pure condensed phase I 

and/or one o r  more of t h e  environmental cons t i t uen t s  with which j reacts i n  order 
t o  reach complete s t a b i l i t y  is  a pure condensed phase. As an example, suppose j 
i s  COS. It is  assumed t h a t  t h e  s t a b l e  configuration o f  S i n  the  reference environ- 
ment is i n  gypsum, CaSO - 2 H  0 ;  t he  reason f o r  t h i s  assumption w i l l  be  explained 

below. 'h get  the  S i n t o  t h i s  compound r equ i r e s  a source of Ca from the  reference 
environment - a " f ree"  source.  Thus, t h e  

r eac t ion  for br inging  the  COS t o  complete, s t a b l e  equilibrium w i t h  t he  reference 
environment, employing cons t i t uen t s  from the  environment alone, i s  

4 2  

That is taken t o  be limestone, CaC03. 

COS + 20 + CaCO + 2 H  0 + 2C02 + CaS04'2H20 2 3 2  

I t  i s  impl i c i t  t o  t h e  foregoing t h a t  t h e  p o t e n t i a l  f o r  d r iv ing  this reac t ion  
r e s ides  i n  t h e  COS - that amonq the reac t an t s  and Droducts only the COS i s  not  i n  
s t a b l e  equilibrium with t h e  re ference  environment. The n e t  po ten t i a l  enerqy output 
from t h i s  reaction, under i d e a l  conditions,  i s  thus a t t r i b u t e d  t o  t h e  COS and 
represents  i t s  chapical a v a i l a b i l i t y :  

I 

+ 2gH20(TOrPO) - 2gco 2(TO'XC02,0PO) - gCaS04.2H20(TO'PO) 

Then, with manipulations l i k e  those used above f o r  the CO, 

+ 290 + + 29"fH 0 29"fC02 - %,CaS04.2H 0 1 
3 2 2 aCOS, c = [g;, cos f , o2 g"f CaCO 

Why were s o l i d  CaSO4*2H 0 and s o l i d  CaCO assumed t o  be cons t i t uen t s  of t he  
2 3 

s t a b l e  re ference  environment? 
f ind  "the" stable conf igura t ion  f o r  S i n  our environment. I t  is not S i t s e l f ,  
because S could r eac t  with O2 from the  environment to produce SO2 and y i e l d  a ne t  

p o t e n t i a l  energy ( a v a i l a b i l i t y )  ou tput ,  s ince  AG fo r  the  r eac t ion  is neqative.  
i n  r e l a t ion  

t o  a v a i l a b i l i t y ,  see  Hatsopoulos and Keenan, 1965). Rut ne i the r  i s  the  S O  s t ab le ;  

it c a n  combine with 0 

These assumptions were provoked by t h e  need t o  

(For an exhaustive t rea tment  of  equilibrium and s t a b i l i t y  conditions,  I 

2 
t o  produce SO3. In t u r n  the  S O  can r e a c t  with environmental 2 3 

H 2 0 t o  produce H2S04, which obviously has s i o n i f i c a n t  p o t e n t i a l  t o  cause chanqe-- E 
a v a i l a b i l i t y .  What next? Pur su i t  o f  t h i s  question l ed ,  a f t e r  extensive de l ibera t ion  
and s tudy ,  including a search  throuqh t ab le s  o f  Gibbs f r e e  enerqies o f  formation 
( g f ' S ) ,  t o  the  conclusion t h a t  CaS04-2H 0 w a s  very near ly  s t a b l e  if not "the" s t ab le  

cowound containing S.  I n  tu rn ,  unfor tuna te ly ,  t he re  was a need f o r  a s t a b l e  com- 
2 

pound of Ca, t o  r eac t  wi th  S, t o  b r inq  the S t o  s t a b i l i t y ;  t h e  search f o r  t h i s ' l e d  I 
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t o  Cam3. 
because reac t ions  o f  s and S compounds of i n t e r e s t ,  with Cam and o the r  environ- 

mental cons t i t uen t s  such as 0 and H 0,  to  produce s t a b l e  compounds, y i e l d  only 

CaS04.2H20 and C02. A fea ture  o f  t he  CaSO *2H20 and CaCO which is c r i t i c a l  to 

t h e i r  s e l ec t ion  as stable compounds is t h e i r  abundance i n  our environment. 

property ca lcu la t ions  t o  eva lua te  the  a v a i l a b i l i t y  of flow streams. I t  should be 
mentioned t h a t  any k i n e t i c  energy o r  g rav i t a t iona l  p o t e n t i a l  enerqy assoc ia ted  with 
flowing f l u i d s  has been neglected throuqhout; when these  a r e  not  neg l iq ib l e  it is  
simply a matter of adding them: 

for evalua t ing  a j , t  and a 

of gas i f i ca t ion  systems. In  pa r t i cu la r ,  formulas a r e  qiven f o r  each o f  t he  cons t i -  
tuents  o f  Table I. 

Formulas f o r  Chemical Ava i l ab i l i t y ,  a 

Thankfully, t h i s  d i d  n o t  introduce the  need f o r  y e t  another  compound, 

3 

2 2 

4 3 

The l a t t e r  completes the  presenta t ion  of t he  theory f o r  making thermosta t ic  

PA = [h - T s + Mv2/2 + mqZ - Cx.U 31,. 
0 7 Oj 

Following is  a l ist  of convenient formulas, deduced from t h e  above developments, 
o f  many of t h e  cons t i t uen t s  which a re  i n  qas streams 

j r c  

j , c  

aCO = 0.59248 In  xco + 65.788 kcal/g mole 

a = 0.59248 In  xm + 4.8060 

a = 0.59248 In xcH + 198.46 
m2 2 

CH4 4 

2O 
= 0.59248 In  5 + 2.0717 

a = 0.59248 In + 0.16518 
N.. 

a = 0.59248 In  5 + 189.94 
H2S 2s 

aCOS = 0.59248 In xcos + 200.61 

a = 0.59248 In xo + 0.94328 

as = 139.54 
O2 2 

Formulas f o r  Thermal Avai lab i l i ty  

T kcal  In - - 
To g mole 

where A B C D 

CO 6,726 -4001 1.283 -.5307 

C02 5.316 14.285 -8.362 1.784 

CH4 
4.750 12.0 3.03 -2.63 

H2 6.952 -.4576 0.9563 -.2079 



A B C D 

H 2 0  7.700 0.4594 2.521 -.a587 

N2 6.524 1.448 -.2271 0. 

H2S 7.070 3.128 1.364 -.7867 

COS 5.626 16.573 -10.868 2.499 

O2 6.058 3.631 -1.709 .3133 

- A i r  Cons t i tuents  >!ole Fraction 

0.7567 N2 

For Pressure A v a i l a b i l i t y  

- Condensed phases, a t  To,po 
. _ _ _  - - _ _ _  

H20 

'stream kcal  
a = 0.59248 In  - c- 
P p0 s mole 

0.2035 

0.0303 

A 0.0091 

0.0003 

0.0001 

O2 

H2° 

c02 

H2 

Nomenclature 

i = a v a i l a b i l i t y  per  u n i t  t i m e  
A = a v a i l a b i l i t y  flow per  u n i t  of 

a = a v a i l a b i l i t y  ( p o t e n t i a l  energy) 

E = energy 
G = Gibbs f r e e  energy 
g = G per mole (or per  u n i t  mass) 
h = enthalpy p e r  mole (o r  per  u n i t  mass) 
I = curren t  (commodity pe r  u n i t  t i m e )  
m = mass flow p e r  u n i t  of coal fed  t o  

P = power 
p = pressure 
Q = heat(enerqy) 
q = change 
R = universal  gas cons tan t  
S = entropy 
s = entropy pe r  mole (o r  pe r  u n i t  mass) 
T = temperature 
V = volume 
v = volume p e r  mole (o r  per  u n i t  mass) 
v = veloc i ty  
X = mole f r ac t ion  
2 = a l t i t u d e  

coa l  fed t o  system 

per un i t  m a s s  or pe r  mole 

sys  t e m  

Greek Symbols 

E, e f fec t iveness  
0 ,  thermal 
11, chemical p o t e n t i a l  
a, sur face  
9, e l e c t r i c  oo ten t i a l  

Subscr ip ts  and supe r sc r ip t s  

c, consumption 
c ,  chemical 
f ,  formation 
j ,  j t h  cons t i tuent  
1, l o s s  
n, molar 
p, production 
0, reference environment 
', s tandard  s t a t e  
* ,  time r a t e  of channe 
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Table I 



Stream No. 
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Tab le  I I .  E l e c t r i c a l  A v a i l a b i l i t y  Flows 

Use 
A v a i l a b i l i t y  
kJ/kg o f  coa l  

22 Gas Cleanup I32 
23 H e a t  Recovery 3 
24 A i r  Separa t i on  9 
25 Gas I f i c a t  i o n  15 
26 Coal P r e p a r a t i o n  74 
27 Ne t  E l e c t r i c a l  Ou tpu t  7333 

Tab le  I l l .  E f f e c t i v e n e s s  of Economic Sec to rs  
and of Some I n d u s t r i a l  Sub-sectors 

(approximate, average va lues )  

Economic Sectors  (Reis tad,  1974): 

-P roduc t i on  o f  E l e c t r i c i t y  
(consumes 20% o f  na t i ona  I 
energy resources )  

-Res i d e n t i  a I and Commer i c a l  , 
D i r e c t  Consumption (15%) 

- I n d u s t r i a l ,  D i r e c t  (35% 
-? ranspor ta t i on ,  D i r e c t  (30% 

E = 30% 

E = 10% 

E = 15% 
E = 10% 

I n d u s t r i a l  Sub-sectors (Gy f topou los  e t  a l ,  1975): 

- I r o n  & Steel  (15% of E = 21% 

-Petroleurn r e f i n i n g  ( 1 1 % )  E = 90% 

-Aluminum (3%)  E = 35% 

i n d u s t r i a l  consumption) 

-Pulp 8 Paper ( 5 % )  E = 10% - rough e s t i m a t e  

-Cement, Copper, Rubber, P l a s t i c s ,  Glass s t u d i e s  a r e  i n  process; 
d e t a i l e d  s tudy  has  been done f o r  i r o n  8 s t e e l ,  process by 
process; to  some degree f o r  r e f i n i n g ,  p u l p  R paper, aluminum 

’ ( H a l l ,  1975). 

Conversion Systems & Devices 

-Tota I-Energy 
-AI I - e l e c t r i c  E = 30% 
-A I I - f o s s i  1 E = 30% 

-Fossi I - f i r e d  power p l a n t  E = 35% 
-Combustion Engines ( f u l l - l o a d )  E = 35% 

-Furnaces E = 10% 

- e l e c t r i c i t y  t o  hea t  E = 35% 
-ove ra l  I (e.g., coal t o  h e a t )  E = lox 
- e l e c t r i c i t y  t o  coo I i ng E = 5 t o  I O %  

- R e f  r i g e r a t i  on 
-Comfort C o n d i t i o n i n g  

-Heat Pump 

E = 40% 

I 
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WITH CHARGE,q P, = 0 Iq WHERE Iq CURRENT 

WITH INCOMPRESSIRLE VOLUFETR IC 
P, = p I, W E R E  I, = 

FLUID FLOW FLOW RATE 

WITH CHEMICAL COMPOUND,I P, = p i l i  WHERE l i  = M O U R  FLOW RATE 

WITH THERMAL CURRENT P, = T I, WHERE I, = T H E W L  CURREflT 

FIGURE 1, TRANSPORTATION OF ENERGY THROUGH A CONDUIT V I A  
FLOW OF A COMMODITY 

To 

FIGURE 2. TRANSFER ‘-IF POTENTIAL ENERGY 
FROM ONE COMMODITY (CHARGE) TO ANOTHER (WATER). 



f lGURi  J BLOCK DlACRAhl Of A TYPICAL MfDIUM-BTU CAS CWiRATION 
AND CLVINUP SYSTEM fEEDINC A CONVWTIONAL mWiR P U N T  

0.3 0.5 - 

Boiler 
-20 Kinetics 
-10 Heat Transfer 

Miscellaneous 

3.7 

4 
Product P w e r  

21 units 

P w e r  
64.0 2. 6 

Air Separation O2 0.5 Coal Preparation . 
Coal -5.8 Drying H20 0.15 -3.3 

, i s  Gasificaion * Heat Recovery 
-2.4 

-3.3 

4 
- 13. 6 Kinetics 

Cleanup -1.5 Heal Transfer ' 

Offgas ~ 3 . '  

t Drying cas 5.8 I I 

J 2 . 1  Flue Gas 
0 .4  1 3.3 

FICURE 4. AVAILABILITY FLOW DIAGRAM FOR GASIFICATION AND POWER PLANT. 

(Negative numbers represent availability consumptions. 

' I  

f l  



75 

References and L i t e r a t u r e  Ci ted 

h 1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

22. 
23. 

C.  Berg, "A Technical B a s i s  f o r  Energy Conservation", Mechanical 
Engineerinq, 1, N o .  5 ,  30-42 (May, 1974). 
C. Birnie  and E. Ohert, "Evaluation and Location of Losses i n  a 60 MW 
Power Stat ion",  Proc. Midwest Power Conf., 1949: 187. 
E.  Bruqes, "Available Energy and the  Second Law Analysis", Academic 
Press, London (1959). 
G. Darrieus, "The Rational Defini t ion of Steam Turbine Eff ic iencies" ,  
Enqineerin , 130: 283 (Sept. 5, 1930). 
R. Evans z d  M. Tribus,  The Thermeconomics of Sea Water Conversion, 
UCLA Report No. 62-63 (1962). 
R. Evans, M. Tribus and G. C re l l i n ,  "Thennoeconomic Consideration of Sea 
Water Demineralization", P r inc ip l e s  of  Desalination, K. Spiegler ,  ed .  
Academic Press ,  N e w  York (1966). 
R. Evans, Y. El-Sayed, "Thennoeconomics and t h e  Design of  Heat Systems", 
ASME Paper N o .  69-Pwr-A (1969). 
J. Farnsworth, H. Leonard, D. M. Mitsak and R. Wint re l l ,  "The Production 
of Gas from Coal through a Commercially Proven Process", 5 th  Synthet ic  
Pipel ine Gas Symposium, AGA Catalog N o .  L51173 (1973). 
J. Farnsworth, R. Whiteacre and D. El. Mitsak, "The K-T Process and i t s  
Application t o  I n d u s t r i a l  Needs", 2nd Clean Fuels from Coal Symposium, 
I n s t i t u t e  of Gas Technology, Chicago, I L  60616 (1975). 
T. Fehring and R. Gaqqioli ,  "Economic Analysis of  B o i l e r  Feed Pump Drive 
Alternat ives" ,  t o  be submitted t o  1976 American Power Conference. 
R. Gaqqioli and T. Fehring, "The Economics o f  Feedwater Heater Replacement", 
t o  be submitted t o  the  1976 J o i n t  Power Generation Conference. 
R. Gaqqioli, J. Yoon, S .  Pa tu l sk i ,  A. Latus and E. Ohert, "Pinpointing 
the  Real Ine f f i c i enc ie s  i n  Power P lan t s  and Energy Systems", Proc.  1975 
M e r .  Power Conference, I l l i n o i s  I n s t i t u t e  of Technology, Chicaqo, I L  
60616 (1975). 
E. Gyftopoulos, L. Lazaridis  and T. W i d m e r ,  "Po ten t i a l  Fuel Effect ive-  
ness i n  Industry",  Bal l inger  Publishing Co. ,  Cambridae, Mass., 1975. 
E. Hall ,  "Evaluation of  t h e  Po ten t i a l  fo r  Enerqy Conservation i n  Industry",  
National Forum on Energy Conservation, Clean Energy Research I n s t i t u t e ,  
University of  M i a m i ,  F lor ida 33124. December 1975. 
G. Hatsopoulos and J. Keenan, "Principles  of  General Thermodynamics", 
John Wiley and Son, New York (1965). 
J. Keenan, "Thermodynamics", John Wiley & Son, New York (1941). 
E. Obert, "Concepts of Thermodynamics", McGraw-Hill Book Co., New York 
(1960). 
E. Obert and R. Gagqioli ,  "Thermodynamics", McGraw-Hill Book Co.,  
New York (1963). 2nd Edi t ion.  
G. Reistad,  "Avai labi l i ty:  Concepts and Applications",  Ph.D. Thesis, 
u. of Wisconsin, (1970). 
G. Reistad,  R. Gaqqioli ,  and E. Obert, "Available Energy and Economic 
Analysis o f  Total  Energy Systems", Proc. Amer .  Power Conference, 1970: 
603. 
r,. Reistad,  "Available Energy Conversion and U t i l i z a t i o n  i n  the U . S . " ,  
ASME Paper NO. 74-WA/Pwr-l (1974). 
science,  188, 820 (1975). 
J. Yoon, "Design of Thermal Enerqy Systems by Employing Ava i l ah i l i t y  
Concepts", M.S. Thesis,  Narquette U., 1974. 


